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GENERATING AN OPTICAL MODEL FOR LENS ABERRATIONS 

< 

TECHNICAL FIELD OF THE INVENTION 

This invention relates generally to the field of 
integrated circuits and more specifically to generating 
an optical model for lens aberrations. 
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BACKGROUND OF THE INVENTION 

Exposure tools are used in photolithography to 
define patterns on objects such as semiconductor wafers. 
Exposure tools, however, may introduce errors that cause 
the resulting pattern defined on the object to differ 
from the intended pattern. Known techniques may generate 
optical models that may be used to compensate for errors 
introduced by exposure tools. The optical models 

generated by known techniques, however, may fail to 
provide information about certain errors. Consequently, 
known techniques for generating optical models may be 
unsatisfactory in certain situations. 
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SUMMARY OF THE INVENTION 

In accordance with the present invention, 
disadvantages and problems associated with previous 
techniques for generating an optical model may be reduced 
or eliminated. 

According to one embodiment of the present 
invention, generating an optical model includes receiving 
lens aberration data associated with a wafer response to 
lens aberrations. Aberration functions are selected and 
fit to the lens aberration data. An optical model is 
x generated in accordance to the aberration functions, 
where the optical model indicates the wafer response to 
the lens aberrations. 

Certain embodiments of the invention may provide one 
or more technical advantages. A technical advantage of 
one embodiment may be that an optical model may describe 
how a lens aberration of an exposure tool affects the 
pattern defined on a wafer. According to another 
embodiment, the optical model may be used to determine 
the sensitivity of a pattern design with respect to the 
lens aberrations of multiple exposure tools. According 
to yet another embodiment, the optical model may be used 
to adjust a pattern design to correct an error resulting 
from a lens aberration. 

Certain embodiments of the invention may include 
none, some, or all of the above technical advantages. 
One or more other technical advantages may be readily 
apparent to one skilled in the art from the figures, 

to 

descriptions, and claims included herein. 
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BRIEF DE SCRIPTI ON OF THE DRAWINGS 

For a more complete understanding of the present 
invention and its features and advantages, reference is N 
now made to the - following description, taken in 
conjunction with the accompanying drawings, in which: 

FIGURE 1 is a diagram illustrating an example of an 
exposure tool that may be described by an . optical model 
according to one embodiment of the present invention; 

FIGURE 2 is a block diagram of one embodiment of a 
system for generating an optical model; and 

FIGURE 3 is a flowchart illustrating one embodiment 
of a method for generating an optical model. 
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DETAILED DESCRIPTION OF THE DRAWINGS 

Embodiments of the present invention and its 
advantages are best understood by referring to FIGURES 1 
through 3 of the drawings, like numerals being used for 
like and corresponding parts of the various drawings. 

FIGURE 1 is a diagram illustrating an example of an 
exposure tool 10 that may be described by an optical 
model according to one embodiment of the present 
invention. In general, exposure tool 10 directs light 
through a mask to create a pattern on a wafer. A 
projection lens of exposure tool 10, however, may have 
lens aberrations that introduce errors that cause the 
resulting pattern defined on the wafer to differ from the 
intended pattern. 

According to the embodiment, an optical model may be 
used to describe how a lens aberration affects a pattern 
defined on a wafer. According to one embodiment, the 
optical model may be used to determine the sensitivity of 
a pattern design with respect to the lens aberrations of 
multiple exposure tools 10. According to another 

embodiment, the optical model may be used to adjust a 
pattern design to correct an error resulting from a lens 
aberration . 

According to the illustrated embodiment, exposure 
tool 10 defines a pattern on a wafer 28 by directing 
light through a mask 26 to wafer 28. Wafer 28 may 
comprise any suitable semiconductor material, for 
example, silicon. Wafer 28 may also comprise a material 
on which a pattern may be formed, such as imaging 
material or photoresist, disposed outwardly from the 
semiconductor material. For data analysis purposes, wafer 
28 may comprise a very flat double-polished wafer having 
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a thickness of approximately 620 microns with a local 
thickness variation of less than 0.2 microns. 

Exposure tool 10 includes an illumination, source 20 
and a projection lens 22, which are used with mask 26 to 
define a pattern on wafer 28. According to one 
embodiment, source 20 and projection lens 22 may be 
embodied in a scanner that illuminates a long, thin slit 
portion of wafer 28 parallel to an X direction, and then 
moves in a Y direction to illuminate a next slit portion 
of wafer 28 in order to define a pattern at locations 
(X,Y) of wafer 28. 

Source 2 0 illuminates mask 26, and may comprise any 
device suitable for illuminating mask 26, for example, a 
laser or condenser optics. The illumination provided by 
source 20 may be described by an energy dose E(X). 
Characteristics such as the radiance distribution of 
source 2 0 may be described by a radiance function 

J(X;p,0), where p represents a radial direction, and 0 
represents an angular direction defined at the exit pupil 
of projection lens 22. Mask 26 defines the pattern to be 
formed at wafer 28, and may comprise any template 
suitable for defining a pattern such as a line and space 
grating pattern. Characteristics of mask 26 such as the 
two-dimensional design of the pattern may be represented 
by a mask function M(X,Y) . 

Projection lens 22 collects light diffracted from 
mask 26 and directs the light to wafer 28, and may 
comprise any device suitable for collecting diffracted 
light, for example, 4X reduction lens optics. A lens such 
as projection lens 22 may be associated with aberration 
content that describes one or more aberrations of the 
lens such as curvature or astigmatism. The aberrations 
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may be described using one or more suitable aberration 

f 

functions having forms, for example, 



v 



^Cf^cosfaQ) and 



/^Cy sinytiQ) . As an example, the aberration functions may 

v i / 

comprise Zernike functions, which may be expressed 
according to Equation (1) : 



[- N™R ] n m] (p)sin m6 ; for m < oj 



where N™ is a normalization factor and /?["' (p) is given by- 
Equation (2) : 



p"^ (2) 



^ 5! [0.5(« + [0.5(w-|w ~s\\ 



The resulting pattern formed at locations (X,Y) of 
wafer 28 may be described by an image function I(X,Y) 
defined using the energy dose E(X), radiance function 

J(X;p,6), mask function M(X,Y), and aberration functions. 
Patterning may involve performing multiple exposure 
cycles using different masks. According to one 
embodiment, patterning a critical layer such as a gate 
may involve, for example, a two-mask double -expose 
process . 

The resulting pattern may differ from the intended 
pattern that mask 2 6 is designed to define. For example, 
the resulting pattern may exhibit critical dimension 
errors. A critical dimension is a dimension that may be 
required to be defined with a high degree of accuracy. 
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For example, the width of a transistor gate may be a 
critical dimension. The width may be required to be 
defined with an accuracy of, for example, five to seven 
nanometers . 

Critical dimension errors may result from any of a 
number of factors, for example, lens aberrations of 
projection lens 22. According to one embodiment of the 
invention, an optical model that describes the response 
of wafer 28 to a lens aberration may be generated. The 
optical model may be used to determine the sensitivity of*, 
a design to lens aberrations and to correct an error due 
to lens aberrations. 

Modifications, additions, or omissions may be made 
to exposure tool 10 without departing from the scope of 
the invention. Additionally, certain functions for 
characterizing exposure tool 10 may be performed using 
any suitable logic comprising software, hardware, other 
logic, -or any suitable combination of the preceding. 

FIGURE 2 is a block diagram of one embodiment of a 
system 110 for generating an optical model. According to 
the embodiment, system 110 generates an optical model 
that describes the response the imaging material of a 
wafer, or a wafer response, to a lens aberration. System 
10 may collect lens aberration data that describe lens 
aberrations, fit lens aberration functions to the lens 
aberration data, and generate an optical model in 
accordance to the aberration functions. 

According to the illustrated embodiment, system 110 
includes a client 120, a server 124, and a database 128 
coupled as shown in FIGURE 1 . According to one 
embodiment, client 120 allows a user to communicate with 
server 124 to generate an optical model, and database 128 
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stores information used by server 124. Server 124 
manages applications for generating an optical model such 
as a data collector 130, an optical model generator 132, 
a sensitivity checker 134, and a correction module 134. 

Data collector 130 may be used to collect data from 
exposure tool 10 in order to determine how a wafer 2 8 
responds to changes in the lens aberrations of projection 
lens 22. As an example, data collector 130 may collect 
data by moving the lens elements of projection lens 22 to 
change the lens aberrations. The lens elements may be 
moved using, for example, piezoelectric actuators. Wafer 
2 8 may be exposed using projection lens 22, and may be 
analyzed in order to determine the response of wafer 28 
to the lens aberration of projection lens 22. The 
response may be measured using a scanning electron 
microscope, and may comprise, for example, critical 
dimension response, line end truncation, pattern 
placement error, other types of response, or any 
combination of the preceding. Lens aberration data that 
describes the response may be generated. 

Optical model generator 132 generates an optical 
model that describes wafer response to lens aberrations. 
As an example, the optical model may be used to determine 
the response at a particular location (X,Y) of wafer 28 
given an aberration at a particular location (X",Y') of 
projection lens, where the aberration itself may spread 
across a portion or all of projection lens 22. Values 
such as Zernike coefficients may describe the imaging at 
the wafer location. Given the coefficients and pattern 
data, the optical model may be used to generate a 
predicted change such as a critical dimension change as 
output . 
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According to one embodiment, optical model generator 
13 2 may generate an optical model using lens aberration 
data received from data collector 130. Optical model 
generator 132 may select lens aberration functions such 
as one or more Zernike functions to describe the lens 
aberrations, and adjust the coefficients of the selected 
aberration functions to fit the functions to the lens 
aberration data. 

Optical model generator 132 may then generate an 
optical model using the lens aberration functions. The 
optical model may include the lens aberration functions 
and may include functions that describe how other 
features of exposure tool 10 affect the response of wafer 
28. As an example, the other features may include the 
exposure wavelength, the numerical aperture of the 
scanner, the source width of the scanner, the 
demagnif ication of the scanner, the defocus of the 
scanner, the standard deviation of the Gaussian, diffusion 
kernel, the binary mask type definition, the proportion 
of total energy and binary exposure, other suitable 
features, or any combination of the preceding. 

Sensitivity checker 134 may be used to determine the 
sensitivity of a design of a pattern with respect to a 
number of exposure tools 10. For example, sensitivity 
checker 134 may determine whether a critical dimension 
varies too much from one exposure tool 10 to another 
exposure tool 10. Sensitivity checker 134 may determine 
the sensitivity by simulating the wafer response using 
the optical model generated by optical model generator 
132. 

As an example, sensitivity checker 134 may receive 
aberration content sets, where each set describes the 
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lens aberrations of a projection lens 22 of a particular 
exposure tool 10. Alternatively, each set may describe 
the lens aberrations across the lens field of projection 
lens 22 . An aberration content set may include values 
such as Zernike coefficients that describe aberrations at 
locations of projection lens 22. Zernike coefficients may 
be reported in units of wavelength, for example, 15 to 20 
"milli -lambda" , that is, 0.015 to 0.02. times the exposure 
wavelength. 

The optical model may be used to determine the 
response at locations (X,Y) of wafer 28 to each of the 
aberration content sets. The response of wafer 28 to the 
lens aberrations may be used to determine locations of 
the pattern that are sensitive to aberration. For 
example, the variation among given aberration content 
sets may be used to determine the variation of lens 
aberrations among different projection lenses 22 or 
across the lens field of a projection lens 22. This 
information may be used to select ranges of values for 
the Zernike coefficients to describe the variation of 
lens aberrations that may affect the desired pattern. 

The predicted change in a critical dimension of the 

> 

pattern for a randomly generated collection of Zernike 
coefficients with the same range may be compared to the 
corresponding critical dimension control requirement to 
gauge the aberration sensitivity. 

Correction module 136 may be used to perform 
proximity correction for a pattern design of mask 26 in 
order to compensate for lens aberrations. Correction 
module 13 6 may receive aberration content that describes 
the lens aberrations of exposure tool 10. The optical 
model may be used to determine an error resulting from 



ATTORNEY'S DOCKET PATENT APPLICATION 

TI-35516 (032350 .B504) 

12 

the aberrations. Correction module 136 may correct the 
mask design to compensate for the error by performing an 
optical proximity correction procedure using any suitable 
optical proximity correction software. 

For example, if the optical model predicts a 
critical dimension for a feature to be smaller by five 
nanometers in the presence of lens aberrations, 
correction software of correction module 126 may modify 
the target layer for the optical proximity correction to 
be five nanometers larger for the feature. Conventional 
correction software may then modify the mask database so 
that the wafer level critical dimension is corrected in 
accordance with the lens aberrations. . According to one 
embodiment, the optical model may be integrated into the 
conventional optical proximity . correct ion model, so that 
the proximity correction of the mask may be made in 
accordance with the lens aberrations. 

Client 12 0 and server 124 may each operate on one or 
more computers, and may include appropriate input 
devices, output devices, mass storage media, processors, 
memory, or other components for receiving, processing, 
storing, and communicating information according to the 
operation of system 110. As used in this document, the 
term "computer" refers to any suitable device operable to 
accept input, process the input according to predefined 
rules, and produce output, for example, a personal 
computer, work station, network computer, wireless 
telephone, personal digital assistant, one or more 
microprocessors within these or other devices, or any 
other suitable processing device. 

Client 120 and- server 124 may be integrated or 
separated according to particular needs. For example, 
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the present invention contemplates the functions of both 
client 120 and server 124 being provided using a single 
computer system, for example, a single personal computer. 
If client 120 and server 124 are separate, client 120 may 
be coupled to server 124 using one or more local area 
networks (LANs) , metropolitan area networks (MANs) , wide 
area networks (WANs) , a global computer network such as 
the Internet, or any other appropriate wire line., 
wireless, or other links. 

A database 12 8 stores data that may be used by 
server 24. Database 128 may be local to or remote from 
server 24, and may be coupled to server 24 using one or 
more local area networks (LANs), metropolitan area 
networks (MANs) , wide area networks (WANs) , a global 
computer network such as the Internet, or any other 
appropriate wire line, wireless, or other links. 

Database 128 may include, for example, collected 
data 140 and results 142. Collected data may include, for 
example, lens aberration data, aberration content, a 
pattern design, other suitable data, or any combination 
of the preceding. Lens aberration data may indicate wafer 
response to lens aberrations. Aberration content may 
describe the aberrations of a lens. A pattern design may 
describe the design of mask 26 for forming a pattern. 

Modifications, additions, or omissions may be made 
to system 110 without departing from the scope of the 
invention. Moreover, the operation of system 110 may be 
performed by more or fewer modules. For example, the 
operation of data collector 130 and optical model 
generator 132 may be performed by one module, or the 
operation of optical model generator 132 may be performed 
by more than one module. Additionally, functions may be 
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performed using any suitable logic comprising software, 
hardware, other logic, or any suitable combination of the 
preceding. 

According to other techniques, correcting a pattern 
design for errors due to lens 1 aberrations may require the 
actual production of a sacrificial mask. The sacrificial 
mask is used to expose a wafer, and the resulting pattern 
is examined to identify errors. The design for the 
sacrificial mask is corrected to generate a new mask, 
which is used to pattern wafers. System 110 may generate 
an optical model that may be used to correct a design to 
compensate for errors due to lens aberrations without 
producing a sacrificial mask. 

FIGURE 3 is a flowchart illustrating one embodiment 
of a method for generating an optical model. The method 
begins at step 2 00, where a lens aberration of projection 
lens 22 is adjusted in order to collect lens aberration 
data. The lens aberration . may be adjusted by moving one 
or more lens elements of projection lens 22. Wafer. 28 is 
then exposed. The response of wafer 2 8 to the adjustment 
is determined at step 210. Lens aberration data 

describing the response of wafer 28 is collected at step 
212. 

Optical model generator 132 selects aberration 
functions 214 that may be used to describe the lens 
aberration data. The aberration functions may comprise 
Zernike functions, and may be selected by determining 
which aberration function best describes the lens 
aberration data. The selected aberration functions are 
fit to the data at step 216. Typically, the aberration 
functions may be fit . to the data by adjusting the 
coefficients of the functions until the functions 



ATTORNEY'S DOCKET PATENT APPLICATION 

TI-35516 (032350 .B504) 

15 

describe the data. An optical model is generated using 
the aberration functions at step 218. The optical model 
may be used to describe how wafer 2 8 responds to lens 
aberrations of projection lens 22. The optical model may 
also describe the response of wafer 2 8 to other features 
of exposure tool 10. 

The optical model generated at step 218 may be used 
to perform one or more procedures. As an example, the 
optical model may be used to perform a sensitivity 
procedure or correction procedure at step 220. If a 
sensitivity procedure is to be performed, the method 
proceeds to step 224 . Aberration content sets describing 
the aberration content of a number of exposure tools 10 
are received by sensitivity checker 134 at step 224. 

Wafer responses to the aberrations of the exposure 
tools 10 are determined at step 226. The wafer responses 
may vbe determined by simulating the responses using the 
optical model . The sensitivity of the design to the 
aberrations is determined at step 228. The sensitivity 
may be determined by comparing the wafer responses to the 
different exposure tools 10. After determining the 
sensitivity, the method proceeds to step 270. 

If the correction procedure is to be performed at 
step 220, the method proceeds to step 240. A proximity 
correction of the design is estimated at step 240. The 
proximity correction may be estimated using any suitable 
optical proximity correction software. Aberration 
content for an exposure tool 10 is received at step 242. 
the aberration content may describe lens aberrations of 
exposure tool 10. The sensitivity of the design to the 
aberration content is assessed at step 246 to identify 
errors . 
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If the errors are correctable at step 248, the 
method proceeds to step 250, where a correction is 
performed. If the correction is not satisfactory at step 
252, the method may return to step 240 to estimate a next 
proximity correction of the design in order to generate 
an improved correction. If the correction is 

satisfactory at step 252, the method' proceeds to step 
270. If the error is not correctable at step 248, the 
method proceeds to step 260, where correction module 136 
indicates that the error is not correctable. The method 
then proceeds to step 270. 

Results are reported at step 270. The results may 
include the corrected design and any analysis performed 
using the optical model. After reporting the results, 
the method terminates. 

Modifications, additions, or omissions may be made 
to the method without departing from the scope of the 
invention. Additionally, steps may be performed in any 
suitable order without departing from the scope of the 
invention . 

Certain embodiments of the invention may provide one 
or more technical advantages. A technical advantage of 
one embodiment may be that an optical model may describe 
how a lens aberration of an exposure tool affects the 
pattern defined on a wafer. According to another 
embodiment, the optical model may be used to determine 
the sensitivity of a pattern design with respect to the 
lens aberrations of multiple exposure tools. According 
to yet another embodiment, the optical model may be used 
to adjust a pattern design to correct an error resulting 
from a lens aberration. 
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Although an embodiment of the invention and its 
advantages are described in detail, a person skilled in 
the art could make various alterations, additions, and 
omissions without departing from the spirit and scope of 
the present invention as defined by the appended claims. 



